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5370 Solar wind magnetic fields

THE SHAPE AND LOCATION OF THE SECTOR BOUNDARY
SURFACE IN THE INNER SOLAR SYSTEM

U, Villante (Istituto Filslca, Universita,
L'Aquila) R. Bruno, F, Mariani, L. F. Burlaga
and N. F. Ness.

Simultaneous observations by Helios~l and
Helios=-2 over feur solar rotations, between Jan,
20 and May 23, 1976, were used to determine the
latitudinal dependence of the polarity of the
interplanetary magnetic field within 4 7.23° of
the solar equator and within I AU, The longitu-
dinal and latitudinal positions of the sector
boundary crossing are consistent with a warped
sector boundary which extended from the sun to
1 AU and was iInclined = 10° with respect to the
heliographic equator, This is consistent with
simultaneous Ploneer 11 observations, which showed
unipolar fields at latitude ~~ 16° at heliocantric
distances greater than 3.5 AU, Two sectors were
observed at southern latitudes; however, four
sectors weve observed at northern latitudes on
two rotations, indicating & distortion from
planarity of the sectory boundary surface,
{sector boundaries, solar wind, magnetic fields).
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INTRODUCTION

Wilcox and Ness, (1965), first identified the by now well known sector
structure of the interplanetary magnetic field (IMF, hereafter). Schulz
(1973) ard moro recently Levy (1976) and Alfven (1977) proposed that the
sector pattern is due to a near-equatorial, warped (non-planar) surface or
current layer (similar to the skirt of a spinning ballerina) separating two
solar hemispheres of opposite field polarities. In this picture the
cbserved field polarity is determined by the position of the observing
spacecraft relative to the current layer and not only the latitude relative
to the equatorial plane. In this model,the IMF is considered to be a
simple extension of a general dipole-like field of the Sun; hence inward
(outward) field lines would be expected at high negative (positive)
heliographic latitudes during this part of the solar cycle.

The Schulz-Levy-Alfven model is grossly consistent with the
latitudinal dependence of the IMF polarity observed by Rosenberyg and

Coleman,1969 and Rosenberg, 1975), and it is strongly supported by the
experimental observations performed by Pioneer 11 after its encounter with
Jupiter. Smith et al., (1978) and Smith (1979), considering quick look
data samples of the IMF, showed an almost total absence of inward field

lines at 16° above the solar equatorial plane.

In this paper we compare the IMF polarities measured simultaneously by

the University of Rome/GSFC magnetometer on the solar probes Helios 1 and

2 in the period Jan. 20 through May 23, 1976, which roughly corresponds to
the primary mission of Helios 2. Our high resclution and nearly complete
data coverage provide a unique opportunity to study the near-Sun region at
the time when Pioneer 1l was monitoring the interplanetary medium with
lower resolution and at larger heliocertric distances and latitudes. The
Helios~1 and -2 trajectories in the period of interest were confined
between 0.28 and 1 AU, with a latitudinal excursion cf +7,23° from the
solar equatorial plane. Cbservations made simultaneously at different
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heliographic latitudes provide information about the orientation and shape
of the sector boundary surface separating regions of opposite field
polarities,

The IMF observations made by Helios-l and -2 and their relationship to
the stream structure and the coronal holes pattern have been already
discussed in papers by Mariani et al., (1978a, 1978b); Burlaga et al.,
(1978b); and Villante et al., (1978). These papers also give details about
spacecraft trajectories, instrumentation and data reduction.

A Comparison of the IMF Polarities Observed by Helios-l1 and -2.

The IMF pattern observed by Helios-1 and -2 in the period of interest
is shown in Figure 1. Twelve hour averages of the magnetic field para-
meters, computed when at least 3 hours of data were available, are plotted
versus the solar longitude of the spacecraft at the time of tne observa-
tions. Four solar rotations were observed. The Helios-l and -2 magnetic
field polarity data may be compared without correction for their radial
separation and the varying solar wind speed if conditions were stationary
over time intervals of several days. In this respect, it is significant
rthat Schwenn et al. (1977), reported clear evidence for stationarity of
the stream profiles observed by the two spacecraft during the primary
mission phase of Helios 2. The Helios 2 magnetic field observations (which
are less affected by the data gaps than Helios 1) are consistent with a
steardy-state character of the source regions located in the solar corona,
since the gross shape of the IMP was essentially the same during the first,
second and third solar rotations. In that period of time, Helios 2
travelled between the earth's orbit and 0.29 AU, Thus, the invariance of
the magnetic field pattern also implies that the general shape of the
unipolar regions of the IMF was not dependent on heliocentric distance
within 1 AU. ‘This result is confirmed by a comparison of simultaneous
Helios~1 and Hellios-2 observations.

The boundary crossings between regions of opposite ¢-polarities appear

very sharp in Figure 1, where l2-hour averayes of the field elements are



shown. Inspection of data with higher time resolution, however, shows that
single crossings occurred over time intervals between a few minutes and
several hours. There is no clear relationship between the bourdary
thickness and the heliocentric distance. A thorough discussion of the
internal structure of the houndary layers is deferred to another paper.

Figures la and lb show very good agreement between the observed
¢-polarities during the first and second solar rotations, when both
spacecraft were located below the solar equatorial plane (The difference of
heliocentric distances varied between « .05 and v .25 AU in that period of
time) . There is no such agreement during the third solar rotation (Figure
lc), when both spacecraft rapidly moved (at different times) from negative
(southern) to positive (rorthern) heliographic latitudes. A large region
of inward field lines was observed below the solar equatorial plane by
Helios 2, whereas two smaller regions of inward field lines separated by a
region of outward field lines were observed above the solar equatorial
plane by Helios 1 at e corresponding longitudes.



The longitudinal and latitudinal extent of the source regions can be
estimated by projecting the $-polarities observed in the interplanetary
medium onto the solar corona. We made this projection using the hourly
average values of both the field elements and the solar wind speed
(Rosenbauer, private communication); we used an angular velocity ns ()
correspording to the heliographic latitude of the observing spacecraft, and
we assumed that the solar wind speed did not vary with distance.

Variations of the field polarities which lasted less than 6 hours have been
disregarded in our analysis. The experimental results are shown in Figure
2,

Observations made on the third solar rotation (Figure 2) dramatically
show the latitudinal dependence of the IMF polarities. Below the equator,
a 2-sector pattern was observed, whereas above the equator a 4-sector
pattern was observed. The 2-sector pattern at negative latitudes (> -7.303
persisted throuwyh rotations 1, 2, and 3 and for part of rotation 4. The
4-sector pattern at positive latitudes (< 7.3°) persisted through rotations
3 and 4. ‘Thus, the sector pattern was relatively stable, and the
observations clearly indicate strong latitudinal variations (rather than

time variations) on rotation 3.



On the Shape of the Sector Boundary Surface

The macroscale features of the surface separating regions of opposite
field polarities can be estimated considering a) the number of unipolar
regions {as projected onto the solar corona) per solar rotation, b) their
longitudinal extension, and c} the locations of the boundary crossings. As
suggested by Smith and Wolfe, (1978), the observation of only two regions
of daminant polarity per sclar rotation may be interpreted in terms of a
planar sector bourdary surface which is tilted at an angle B with respect
to the solar equator and rotates with the sun. The intersection of the
sector boundary plane with a sun-centered sphere is a circle. A line from
ti» center of the sphere to the circle makes an angle ag with the solar

equatorial plane, and N varies with longitude, A, as ap = B sin A. In
this model, the percentage of fields of a given polarity observed by a
and 8. In particular, if

spacecraft at latitude « is a function of «

5/C s/C
the spacecraft intersects the sector bourdary plane at longitudes hy and
Y then the fraction of field lines with the polarity observed in that
interval should be £ = (A2 - Al)/360 = (180 -ZAl)/360 = 0.5 - (1/180) sin_
(as/c/s). When the spacecraft is at the equator, £ = 0.5, and when its

latitude is > 8, the spacecraft would see only cne polarity.

1

Two sectors were observed on rotations 1 and 2 when Helios-1 and -2
were at heliographic latitudes between “%s/c = -5,0° and g /0 = -7.23°,
During the whole solar rotation identified by the arrows in Figure 2, the
latitude of Helios-2 was nearly constant at w ~7° and the data coverage was
almost complete. The fraction of lomngitudes in which positive fields were
cbserved was f . 0.3. Solving the equation in the preceding paragraph for
g, with £ = 0.3 and g0 = -7°, gives 8 . 12°. For a= 5% and £ = 0.3, 8
= 8.5°. ‘'These numbers are consistent with the results of Pioneer 1l during

the same period, which observed a single polarity at latitude - 16°.

Since the sector pattern was nearly stationary during rotations 1-4,
it is meaningful to plot the positions of all the observed sector boundary
crossings on a single latitude (a) versus longitude (A) plot and to compare
them with the plane sector boundary model. Figure 3 shows the projected

boundary crossings (as, As), taken from Figure 2. The sine curve in that



figure represents the intersection of a plane sector boundary (inclined at
B = 10° with respect to the solar equatcr) with the surface of the sun.
The observed current sheet crossings are within a few degrees of those
predicted by the model.

The scatter of points in Figure 3 about the sinpe curve is real, and it
suggests the existence of small local distortions of the sector boundary.
In particular, a distortion must be assumed to account for the 4-sector
pattern observed at northern latitudes; a relatively small distortion would
suffice. Figure 4a shows a 3—dimensional viuw of the hypothetical
undistorted boundary surface with respect to the sun. Figure 4b is one
possible configuration for the inferred distorted boundary surface (a
relatively =xtreme case), which would give a 4-sector pattern for a
spacecraft at certain positive latitudes, a 2-sector pattern at certain
negative latitudes, and scatter about th2 model curve at all latitudes,



Summary and Discussion

The experimental observations performed by Helios 1 and Helios 2
spacecraft allow a significant improvement in our knowledge of the
latitudinal dependence of the IMF polarity. Both longitudinal and
latitudinal boundaries of the unipolar regions of the IMF can be clearly
identified in the experimental data. The availability of the simultaneous
plasma data allowed us to project the field polarit’es observed in the
interplanetary medium onto the solar corona. This is important because the
longitudinal widths of the interplanetary structures do not necessarily
correspond to the longitudinal widths of the source regions located in the
solar corona, due to variations of the solar wind speed. This effect
increases with heliocentric distance.

The principal conclusions of our investigation are as follows:

1. Helios obhservations confirm (see also Villante et al., 1978) that the

latitudinal dependences of the IMF polarity extend to the inner solar
system, and they show that the longitudinal widths of the unipolar
regions were independent of the heliocentric distance,

2, e percentage of field lines of a given polarity, and the latitudes
and longitudes of the projected sector boundary crossings, are
consistent with a sector boundary surface that was nearly planar and
inclined abort 10° with respect to the heliographic equator, This is
consistent with simultaneous Ploneer 11 observations made beyond 5 AU,
which showed unipolar fields at a latitude of 16°.

3. 'The projection of the IMF polarities to the sun shows that on two
rotations two regions of dominant polarity were observed several
degrees below the solar eguatorial plane, whereas four regions of
dominant polarity were observed several degrees above the plane at the
same time. This can be explained by postulating a distertion in the
sector boundary surface at positive latitudes.

We caution that a plane sector boundary surface is just one of the



possible models which can be invoked to interpret the IMF polarities. For
examnple, in previous papers (Villante et al., 1978; Burlaga et al., 1978b),
we reported detailed evidence for a clear correspundence between the IMF
polarities and the corresponding coronal holes pattern “uring the primary
mission of Helios 1, namely Dec. 74 through April 75. Such a
correspondence has also been discussed by other authors (see the review by
Humdhausen, 1977). Burlaga et al., (1978a) have discussed a possible
relation between the shape of the sector boundary suriace and the positions
of coronal holes. In this sense the occurrence of four or more regions of

dominant polarity per solar rotation at positive latitudes might be better
interpreted in terms of the coronal hcle configuration. In any case,
caution should be adopted when the average inclination of the sector
boundary with respect to the solar equator is estimated by considering th:
percentages of field lines of an assigned polarity, since these percentages
might be affected by the divergence of fields from isolated structures as
they are extended from the inn:r corona to the interplanetary medium.
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Figure 1

Figure 2

Figure 3

Figure 4a

Figure 4b

Figure Captions

12-hr averages of the field elements organized by solar rotation
(as is the heliographic latitude of the observing spacecraft).
Here B is the field magnitude, © is the inhclination of the
magnetic field with respect to the ecliptic plane (positive for a
northward direction) and ¢, vhich defines the polarity of the
interplanetary magnetic field, is the angle of the ecliptic plane
component of the magnetic field with the radial direction (¢ =
o° corresponds to a sunward orientation).

The interplanetary magnetic field polarity, projected onto the
solar corona. Here o/ is the heliographic latitude of the
observing spacecrafr ‘hile Ag is the solar (Carrington) longitude
corresponding to a bhack projection of the fields made using the
measured solar wind velocity.

The solar projected latitudes and longitudes of the sector
boundary crossings observed by Helios-l and -2. If the sector
boundary were a plane inclined 10° with respect to the solar
equator and rotating with the sun, then the ohserved crossings
would lie on the sine curve shown here.

The idealized shape of a planar current sheet which is tilted at
10° with respect to the solar equator as it is observed in the
interplanetary medium over a solar rotation.

The shape of the current sheet as extrapolated from the location
of the boundary crossings; the orientation of the local normals
to the current sheet; and the longitudinal extension of the
unipolar regions of the interplanetary magnetic field. Seclid
lines correspond to the region of direct knowledge of the current
sheet by Helios observations.
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